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In Brief Lee et al. show that vGluT3 amacrine cells co-release a new combination of inhibitory-excitatory neurotransmitters and provide segregated glycinergic and glutamatergic drives to two functionally opposite retinal circuits to facilitate differential detection of visual field uniformity and contrast.
INTRODUCTION
Amacrine cells are interneurons in the vertebrate retina that mediate complex synaptic computation in the inner plexiform layer (IPL), where visual signals undergo the final stage of processing before being encoded into spike trains and relayed to the brain along parallel visual channels by retinal ganglion cells (GCs) (Masland, 2012) . Composed of over 35 subtypes in the mammalian retina, amacrine cells are generally classified as inhibitory neurons because they release either GABA or glycine as their major neurotransmitter (Masland, 2012) . Recently, it was discovered that a special subclass of amacrine cell, which is immunoreactive to vesicular glutamate transporter 3 (vGluT3) (Fremeau et al., 2002; Gong et al., 2006; Haverkamp and Wä ssle, 2004; Johnson et al., 2004; Stella et al., 2008) , releases glutamate and makes excitatory synapses onto specific GC types (Krishnaswamy et al., 2015; Lee et al., 2014) . These glutamatergic amacrine cells (GACs) also have been found to be immunoreactive to glycine and glycine transporter GlyT1, but not vesicular inhibitory amino acid transporter (vIAAT) (Haverkamp and Wä ssle, 2004; Johnson et al., 2004) , raising an intriguing possibility that GACs may release glycine in addition to glutamate (Marshak et al., 2015) , even though functional glycineglutamate co-release has not been reported in the mature nervous system. To test this possibility and gain a functional insight into a potential glycine-glutamate co-transmission system, one needs to determine the following: (1) whether GACs release glycine under physiological conditions, and if they do, (2) whether the release is through a vesicular mechanism, (3) whether GACs release glycine and glutamate onto the same or different postsynaptic targets, and (4) what specific synaptic circuits and functional advantages may be subserved by such inhibitory-excitatory co-transmission.
Using a combination of optogenetics, dual patch-clamp recordings, visual stimulation, and two-photon microscopy in a transgenic mouse line, this study provides the first functional evidence for glycine-glutamate co-release by a single neuron in the mature nervous system. It demonstrates that GACs release glycine and glutamate separately onto uniformity detectors (UDs) and OFF alpha ganglion cells (OFF aGCs), and our study reveals a critical role of GACs in shaping the suppressed-bycontrast trigger feature of UDs. The results suggest a functional advantage of glycine-glutamate co-release in differential and coordinated detection of visual field uniformity and contrast.
RESULTS

Segregated Co-release of Glycine and Glutamate by GACs
To determine whether GACs co-release glycine and glutamate, we stimulated ChR2-expressing GACs in whole-mount retinae of vGluT3-Cre/ChR2-YFP mice with a flash of intense full-field blue light (henceforth referred to as simply blue light), while patch clamping from various cell types in the ganglion cell layer (GCL). With light-evoked excitatory inputs from bipolar cells and cholinergic amacrine cells blocked by L-AP4 (20 mM), ACET (20 mM), and hexamethonium (HEX, 300 mM) (Lee et al., 2014) , we found that a small population of GCs (<2% of the GCs randomly targeted for recording, Figure 1A ) responded to blue light stimulation of GACs with an outward current at 0 mV (cation reversal potential, E Cat ), but no discernible current at À70 mV (chloride equilibrium potential, E Cl ; Figure 1C ). These GCs (n = 31) all shared a characteristic recurrent bistratified dendritic morphology, with some of their ON dendrites in sublamina-b arising recurrently from OFF dendrites in sublamina-a ( Figures  1A and 3E) . Before characterizing the physiology of these cells (see below), we tentatively referred to them as recurrent bistratified GCs (rBSGCs). We also found an additional GC type that responded to blue light activation of GACs with a large inward current at À70 mV, but no obvious response at 0 mV ( Figures  1B and 1D ). This GC type ramified narrowly in sublamina-a, at a level slightly more proximal than OFF starburst dendrites, and had dendritic morphology ( Figure 1B ) and basic light response properties ( Figure S1 ) resembling those of OFF aGCs (Murphy and Rieke, 2008) .
At 0 mV, the outward response of rBSGCs to blue light stimulation of GACs was not blocked by glutamate receptor antagonists CNQX (25 mM) and CPP (20 mM) (Figures 1E and 1I ; n = 11), or by the further application of GABA A antagonist SR95531 (50 mM, n = 5; Figures 1G and 1I ), but it was completely blocked by strychnine (1 mM, applied either alone, n = 9 or together with SR95531, n = 10 in the presence of glutamate receptor blockers; Figures 1G and 1I) , indicating a direct glycinergic input from GACs rather than an indirect input from intermediate amacrine cells that were driven by glutamate release See also Figure S1 .
from GACs. In contrast, blue light-evoked responses of OFF aGCs (at À70 mV) were not blocked by strychnine (1 mM; Figures  1F and 1J ), but they were largely blocked by CNQX ( Figures 1H  and 1J ). CPP alone only slightly reduced the current at À35 mV, while CNQX on top of CPP completely blocked the current at both À70 and À35 mV ( Figures 1H and 1J ), suggesting a glutamatergic input from GACs that was mediated predominantly by non-NMDA receptors. The above results demonstrate that GACs release both glycine and glutamate. Notably, this corelease targeted two separate postsynaptic circuits, with rBSGCs receiving the glycinergic input (peak amplitude at 0 mV: 298 ± 26 pA, mean ± SEM, n = 31) but little or no glutamatergic input (peak amplitude at À70 mV: 2 ± 3 pA, mean ± SEM, n = 31) ( Figures 1I and 1K ), and OFF aGCs receiving the glutamatergic input (peak amplitude at À70 mV: 259 ± 17 pA, mean ± SEM, n = 37) but little or no glycinergic input (peak amplitude at 0 mV: 11 ± 4 pA, mean ± SEM, n = 37) from GACs ( Figures  1J and 1L ). Because some GCs in the vGluT3-Cre/ChR2-YFP mouse also express ChR2-YFP (Grimes et al., 2011; Lee et al., 2014) , we tried to rule out the possibility that the blue light-evoked response in rBSGCs or OFF aGCs was mediated indirectly by the activation of other glycinergic or glutamatergic cell types that were coupled to ChR2-YFP-expressing cells via gap junctions. Prolonged (15-30 min) bath perfusion of 18b-GA (25 mM), which has been shown to block gap junction coupling of GCs in the same preparation (Lee et al., 2014; Trenholm et al., 2013) , did not block the blue light-evoked glycine response in rBSGCs or the glutamate responses in OFF aGCs (Figures 2A and 2B) , arguing against gap junction-mediated, indirect synaptic inputs from non-GAC cells. Moreover, dual patch-clamp recordings from GAC-rBSGC pairs in the whole-mount retina directly detected outward postsynaptic currents in the rBSGC at 0 mV (but no current at À70 mV), when the presynaptic GAC was depolarized by voltage steps from À85 to À30 mV and above (n = 2 pairs; Figures 2C and 2E). Similarly, dual patchclamp recordings from GAC-OFF aGC pairs detected inward postsynaptic currents at À70 mV (but no current at 0 mV, n = 2 pairs; Figures 2D and 2F ). These experiments confirmed that GACs make direct and differential glycinergic and glutamatergic synapses onto rBSGCs and OFF aGCs, respectively. We next tested whether this glycine-glutamate co-transmission is mediated by a Ca 2+ -dependent mechanism. Application of CdCl 2 (0.3 mM) blocked blue light-activated responses in rBSGCs (n = 7) and OFF aGCs (n = 10) ( Figures 2G and 2H ). Bath perfusion of a nominally Ca 2+ -free (with no added Ca 2+ ) ACSF also completely and reversibly blocked the responses of both rBSGCs (n = 2; Figure 2I ) and OFF aGCs (n = 4; Figure 2J ) to GAC activation by blue light. Together, these results demonstrate that both glycine release and glutamate release from GACs were Ca 2+ dependent, suggesting a vesicular release mechanism (see Discussion).
GACs Selectively Make Glycinergic Synapses onto UDs
To determine the physiological identity of the rBSGCs that received a glycinergic input from GACs, we first examined the light response properties of rBSGCs. Under on-cell loosepatch-clamp recording, rBSGCs generated maintained spikes when the whole-mount retina was presented with a uniform dark background. Stimulation with a flash of a center light spot (100 mm in radius) strongly suppressed the spikes at both light onset and offset ( Figure 3A , left). The same rBSGCs also generated maintained spikes when presented with a uniform bright background, and these spikes were similarly suppressed by a flash of a center dark spot on the bright background ( Figure 3A , right). A moving light bar across a uniform dark background also triggered strong suppression of the maintained background spikes in rBSGCs ( Figure 3B ). These suppressed-by-contrast receptive field properties closely resembled the trigger feature of UDs that are also known to have a recurrent bistratified dendritic morphology in rabbit and mouse (Amthor et al., 1989; Levick, 1967; Rodieck, 1967; Sivyer et al., 2010; Tien et al., 2015) . Thus, GACs selectively make glycinergic synapses onto UDs in the mouse retina. The rBSGCs whose light responses were characterized in our study (n = 41) all showed a transient suppression of spikes in response to a center spot illumination. Following an initial suppression, the spikes typically recovered within 2 s (Figure 3) . The recovery was faster at light ON than OFF and sometimes showed a transient increase (overshoot) in spike frequency as the spikes returned during the ON recovery ( Figures 3B and 3C) . Increasing the duration of spot illumination did not change the transient nature of suppression ( Figure 3C ). However, there were considerable variations in the rate of maintained background spikes, the duration of spike suppression at light onset and offset, and the spike rate during the post-suppression recovery phase among the rBSGCs examined, as exemplified in Figure 3D . This temporal variability may be attributable to subtle differences in recording conditions and/or to an intrinsic cell-tocell variability, but the existence of different functional subtypes of UDs also remains a possibility.
We found at least two morphological varieties/subtypes among our recorded UDs. The majority (36 of 41) of the recorded UDs had a relatively smaller soma size (15-to 17-mm diameter) than that of ON-OFF direction-selective ganglion cells (DSGCs, 18-to 20-mm diameter) and five to ten recurrent dendrites diving from sublamina-a into sublamina-b ( Figure 3E, top) , while a minority of the recorded UDs (5 of 41) had a soma size (21-to 23-mm diameter) slightly larger than that of ON-OFF DSGCs and only one to three recurrent dendrites ( Figure 3E , bottom). Both morphological varieties/subtypes shared the basic transient suppressed-by-contrast receptive field properties and received a strong glycinergic input from GACs, with the bigger soma UDs receiving larger currents at 0 mV (417 ± 80 pA, mean ± SEM, n = 5) than the smaller soma UDs (267 ± 25 pA, mean ± SEM, n = 22) (p = 0.024). Because of the low frequency in encountering the larger soma UDs, our results are based mainly on the smaller soma UDs. Notably, we also encountered an ON-sustained, bistratified GC type (n = 2), which had an annular recurrent dendritic morphology similar to that of the ON bistratified cell in rabbit (Hoshi et al., 2013) ; but, this cell did not respond to blue light activation of GACs (data not shown).
GACs Provide a Critical Glycinergic Inhibitory Drive to the Suppressed-by-Contrast Circuit
To understand the functional contribution of GACs to the suppressed-by-contrast trigger feature of UDs, we examined the spatial and pharmacological properties of the UD receptive field using concentric light annuli of various radii (13-600 mm; Figures  4A and 4B ). Under voltage clamp at À70 mV, UDs responded to the onset (ON) of a small center light annulus (50 mm in radius, 50 mm in thickness) with a small inward excitatory current, which consisted of an initial fast transient component and a gradually developing sustained component ( Figure 4A ). The spatial profile of this excitatory input had a receptive field center size of 100-150 mm in radius, which roughly matched the dendritic field size of a UD ( Figure 4B ), indicating direct excitatory input from bipolar cells. At the offset of this small center light annulus, however, the response typically appeared as a small outward current at À70 mV, suggesting a presynaptic suppression of the baseline glutamatergic input from bipolar cells. In contrast to the weak light-evoked excitatory input at À70 mV, the outward inhibitory current response (at 0 mV) to the 50-mm-radius light annulus was prominent at both light ON and OFF, with the response being larger at ON than at OFF ( Figure 4A ). As the light annulus increased in radius, the inhibitory response quickly declined, displaying a spatial extent of 150-200 mm in radius, roughly corresponding to the dendritic radius of a UD (70-100 mm) plus the dendritic diameter of a GAC (70-100 mm; Figure 4B ). The spatial profile of the inhibitory input also displayed a shoulder that extended up to 400 mm in radius, but this medium-wide field inhibition was much smaller in current amplitude than the narrow/ central inhibitory input ( Figure 4B) .
Thus, the center receptive field of a UD was dominated by a transient ON-OFF inhibitory input, which was consistent with both the small spatial extent of the GAC arbor and the ON-OFF light response properties of GACs (Figures S2A and S2B ; also see Lee et al., 2014; Kim et al., 2015) , implicating GACs as the main source of this inhibition. At the light onset, the large inhibitory input, which overshadowed the small ON excitatory input, was likely responsible for the transient ON suppression of the background spikes in UDs. At the light offset, the postsynaptic inhibition, though smaller than that at light onset, was combined with a presynaptic suppression of the background excitatory input to produce a strong and relatively longer lasting (compared to that at light onset) suppression of the spikes, as seen in Figure 3 . Pharmacological experiments further demonstrated that the center inhibitory input was largely mediated by a strychnine-sensitive current, with a small additional component that was SR-95531 sensitive ( Figures 4C and 4D) , consistent with GACs providing a main inhibitory drive for the suppressed-by-contrast mechanism (Figures 1 and 2) . Indeed, strychnine effectively diminished the suppressive effect of a center light stimulation on maintained spikes of UDs under on-cell loose-patch recording (n = 4; Figure 4E ), confirming a key role of the glycinergic inhibition in the UD mechanism (Sivyer et al., 2010; Tien et al., 2015;  but also see Jacoby et al., 2015) .
To demonstrate further that the glycinergic input from GACs alone was strong enough to produce a functional suppression of the maintained spikes in UDs, we tried to mimic the center light-triggered suppression of UD spikes ( Figure 4F , top left) by optogenetic activation of GACs in a cocktail of drugs (LAP-4, ACET, HEX, and CNQX) that blocked light-evoked input to UDs. In this cocktail, UDs no longer generated spontaneous spikes, but they could be reliably induced to generate maintained spikes by a small step of current injection under current clamp ( Figure 4F, top right) . As expected, a center light stimulus had no effect on the induced spikes in the cocktail (data not shown), but blue light activation of GACs caused a strong hyperpolarization in the UD and a transient block of the spikes (Figure 4F, bottom left) , reminiscent of the suppression by the onset of a center light spot under the control condition ( Figure 4F , top left). This blue light effect could be blocked by strychnine ( Figure 4F, bottom right) . Because the blue light-evoked depolarization of GACs was within the physiological range of GAC responses to center light illumination (see Figure S4 in Lee et al., 2014) , the above results confirmed that the glycinergic transmission from GACs to UDs played a critical role in the suppressedby-contrast mechanism.
Notably, however, because GACs were strongly suppressed by their inhibitory surround, their glycinergic output to UDs was diminished under large-field stimulation, resulting in a weaker suppression of spikes by large spots ( Figure S2 ). The residual suppression by large-field stimulation is likely mediated by additional feedback and feedforward inhibition from other amacrine cells (see Figure S2 legend for detail). This spatial regulation of spike suppression by multiple mechanisms may allow UDs to encode not only the disruption of uniformity by contrast but also the spatial characteristics of the disruption.
DISCUSSION
This study has established that GACs release both glutamate and glycine, thus revealing a new combination of excitatoryinhibitory co-transmission in the adult nervous system. Both glycine and glutamate are released in a Ca 2+ -dependent manner, indicating an underlying vesicular release mechanism, even though vIAAT was previously not immunolocalized to GACs (Haverkamp and Wä ssle, 2004; Johnson et al., 2004) . Interestingly, the two co-released transmitters target separate postsynaptic GC circuits, suggesting most parsimoniously that glycine and glutamate are released from two separate populations of vesicles at different synapses, as also supported by a recent electron microscopy (EM) study that found both symmetric and asymmetric synapses on GAC processes in the primate retina (Marshak et al., 2015) . In most known examples of co-transmission, the two cotransmitters target the same postsynaptic cells, where the outcome of co-transmission is determined by the relative strength and the dynamic integration of the two transmitter signals (Hnasko and Edwards, 2012; Shabel et al., 2014) . Segregated co-release of two fast transmitters from one neuron onto different postsynaptic cell types is relatively rare. The present study demonstrates that GACs make segregated glycine and glutamate synapses onto GCs in two functionally opposing visual channels (one channel that is sensitive to visual field uniformity but suppressed by contrast and motion, and the other that is sensitive to contrast and motion but suppressed by uniformity) ( Figure 4G ), suggesting that this mode of co-transmission may allow differential but coordinated signaling from one neuron to multiple downstream circuits. The glycinergic output of GACs is highly selective in targeting postsynaptic GCs, with UDs being the only type so far found from our randomly recorded GC sample (though it is possible that additional rare types of GCs also may receive a glycinergic input from GACs). The glycinergic input from GACs is much larger than other synaptic inputs to UDs and plays a critical role in shaping the UD receptive field properties. Our results indicate that other amacrine cells, including GABAergic amacrine cells, also contribute to the suppressed-by-contrast mechanism . On the other hand, GCs that receive a glutamatergic input from GACs now include at least four identified types (OFF aGC, ON and ON-OFF direction selective, and a subpopulation of W3; Figure 4G ; Krishnaswamy et al., 2015; Lee et al., 2014) . These four GC types all belong to nonlinear GCs that are known to extract local intensity variations within their receptive field, such as contrast change, image motion, and edge (Chiao and Masland, 2003; Murphy and Rieke, 2008; Zhang et al., 2012) , suggesting a role of GACs in enhancing the trigger features of these cells (Kim et al., 2015) . On the other hand, compared to the glutamate input from bipolar cells, which is already contrast sensitive, the glutamate input from GACs to OFF aGCs is relatively small (Figures 1 and S1 ) and likely plays a secondary (modulatory) role in shaping the postsynaptic receptive field; but, the detailed mechanism remains to be elucidated.
Notably, the glycine response of UDs to blue light activation of GACs has a large transient component followed by a large sustained component, whereas the glutamate response of OFF aGCs is predominantly transient with only a small sustained component (Figure 1) . This difference in kinetics may be attributable to multiple pre-and postsynaptic mechanisms. Of particular interest is the possibility of differential presynaptic regulation at glycine and glutamate release sites on GAC dendrites, for example, through differential activation of certain voltage-gated channels and/or local dendritic integration of synaptic inputs. Such a possibility, which is still under investigation, may further enhance the computational capability of glycine-glutamate corelease by GACs.
Taken together, our study discovered a new form of fast excitatory-inhibitory co-transmission in the nervous system and shed important light on the mechanism, circuitry, and functional advantage of this special mode of neurotransmission.
EXPERIMENTAL PROCEDURES
All animal procedures were approved by Yale University Institutional Animal Care and Use Committee. vGluT3-Cre/ChR2-YFP mice (6-10 weeks old) were generated by crossbreeding vGluT3-Cre mice (strain, 1Edw; JAX, 018147, Jackson Laboratory; RRID, IMSR_JAX:018147) (Grimes et al., 2011; Lee et al., 2014) with ChR2-YFP mice (strain B6;129S-Gt(ROSA) 26Sor tm32(CAG-COP4*H134R/EYFP)Hze /J, Jackson Laboratory; RRID IMSR_JAX, 012569). Mouse retinas were dissected under dim red or dim white light illumination. Patch-clamp recordings and two-photon imaging were made from whole-mount retina (Lee et al., 2010 (Lee et al., , 2014 Lee and Zhou, 2006) in an ACSF containing (in mM) 120 NaCl, 3. and recorded under white light illumination (10 5 photons mm 2 s 1 at retina).
Visual stimuli were generated on a black and white LCD (model SGA4LCD, CRL Opto Ltd., Dunfirmline, Scotland, contrast 100:1; maximum image intensity at retina, $2 3 10 5 photons mm 2 s 1 with an intensity-weighted mean wavelength of 573 nm) and projected to the retina via the microscope condenser lens. Stable light responses were obtained from UDs, OFF aGCs, and GACs after 1-5 min of dark adaptation following the establishment of a patch clamp configuration. ChR2 was activated by intense blue light from either a high power LED (l peak , 470 nm) focused on the retina through the condenser lens of a Zeiss upright microscope (Axioskop FS, Peabody, MA) or the epifluorescence light source (100 W Hg bulb, band-pass filtered at 465 ± 15 nm, focused on the retina through the 60, NA/0.9 water immersion objective lens of an Olympus BX51WI microscope, Olympus USA) controlled by a Uniblitz shutter (Vincent Associates). The intensity of the blue light measured at the retina was 22 nW mm 2 (5.5 3 10 10 photons mm 2 s 1 ) and 8 nW mm 2 (2 3 10 10 photons mm 2 s 1 ) for the blue LED and the Hg bulb, respectively. Z axis image stacks of ChR2-YFP-expressing cells and whole-cell patchclamped cells (filled with Alexa Fluor 594) were taken with a two-photon imaging system (Ultima, Prairie Technologies) configured on an Olympus BX51WI microscope (with a 60, 1.0 NA objective, LUMPlanFL/IR, Olympus USA) with a Ti:Sapphire pulsed laser (MaiTai, Newport Corp. tuned to 870 nm.
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